The structural and functional similarity of the larval zebrafish pronephros to the human nephron, together with the recent development of easier and more precise techniques to manipulate the zebrafish genome have motivated many researchers to model human renal diseases in the zebrafish. Over the last few years, great advances have been made, not only in the modeling techniques of genetic diseases in the zebrafish, but also in how to validate and exploit these models, crossing the bridge towards more informative explanations of disease pathophysiology and better designed therapeutic interventions in a cost-effective in vivo system. Here, we review the significant progress in these areas giving special attention to the renal phenotype evaluation techniques. We further discuss the future applications of such models, particularly their role in revealing new genetic diseases of the kidney and their potential use in personalized medicine.
Introduction
The zebrafish (Danio rerio) has gained much attention over the last few years. Slowly and steadily it has become a highly successful lower vertebrate animal model to study developmental genetics and disease pathophysiology and served as an in vivo system for the trial of novel therapeutic agents, thus bridging the gap that previously separated invertebrates and mammals in animal research [1] [2] [3] . Zebrafish models of human disease retain many of the advantages of mammalian models and at the same time overcome many of their limitations. Anatomically and histologically, zebrafish have retained most of the mammalian organs, tissues, and cellular systems together with their associated physiological functions. Furthermore, they have rapid ex utero development, transparent fertilized embryos, much higher fecundity at a fraction of the maintenance cost of mammalian models, and most importantly, a well-studied genome with the availability and ease of gene editing technologies [1, [4] [5] [6] .
The zebrafish embryonic kidney (pronephros) is of particular interest to researchers. It consists of a pair of segmented pronephric tubules sharing a fused glomerulus and showing remarkable histological and functional similarities to the mammalian adult nephron (Figure 1 ). Table 1 . Attributes of key methods used to model genetic diseases in the zebrafish.
Forward Genetics
Reverse Genetics
ENU Mutagenesis Retroviral Insertion MO CRISPR-Cas9
Technique first described in zebrafish Grunwald and Streisinger (1992) In reverse genetics, the approach is to first identify genes of interest, and then target them specifically either by knocking-down expression, editing the gene to create knock-out or knock-in alleles, or in some cases over-expressing the gene product, followed by evaluation of the phenotype [28] . Among reverse genetics techniques, two techniques stand out. The morpholino (MO) antisense oligonucleotide approach due to its simplicity and lower cost and the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system due to its high specificity and efficiency and the permanent genetic model obtained [6] .
Morpholino Antisense Oligonucleotides
MO are synthetic single stranded analogues of nucleic acids. They are usually injected into one to four cell stage zebrafish embryos, and by binding to the complementary mRNA molecule, they can either block the translation of a target gene, or disrupt splicing (if they bind to a region including a splicing donor or acceptor site) [26] . Because MO are resistant to degradation by nucleases, their gene silencing effects are very efficient. However, due to the proliferation of cells in the growing embryo which results in dilution of the MO in morphant larvae, the effect of suppression is gradually lost over time such that down-regulation typically only lasts for up to a few days [29] (Figure 2A) . A potential advantage of MOs is that because they acutely down regulate genes, they may produce more severe phenotypes when compared to stable genetic knock-out models in which there is the possibility of compensatory or adaptive responses [30] . The main disadvantage of MOs is their potential to produce off-target genetic effects, most importantly the non-specific activation of the pro-apoptotic p53 pathway. The simultaneous use of an anti-p53 MO is an important control measure to overcome this effect [31] . Even then, it is always important to control for off-target effects when using MO. Another major concern, because of the transient nature of MOs, is the reproducibility of phenotypic effects, thus the standardization of injection protocols needs to be emphasized [32] . The disease models solely based on MO knockdown need to be validated in corresponding genetic models; however, MOs remain a valuable tool for investigating gene function in zebrafish [32, 33] . The designed MO is injected at the 1-4 cell stage embryo, binds specifically to its target mRNA or premRNA. Depending on whether the MO binds to the translation start site or a splice donor or acceptor site, it will either block protein translation or cause alternate splicing to produce a defective message that is either degraded, resulting in loss of protein expression, or still present in which case it will produce a defective protein. The resulting phenotype typically lasts for a few days. (B) Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9: The bacterial endonuclease enzyme is a large protein encoded by the cas9 gene. Specificity of the DNA strand cleavage is dependent on the pairing between the single guide RNA (spacer domain) and the complementary DNA target (protospacer domain). The Cas9 protein has also a domain that binds to a short sequence of target DNA, named the protospacer adjacent motif (PAM), which is found directly downstream of the target sequence in the genomic DNA, on the non-target strand. Because the spacer domain sequence provides at least 20 nucleotides of specificity in addition to the specificity of the PAM sequence, the CRISPR-Cas9 system can uniquely cleave DNA at a highly specific target site [6, 34] . The cleaved DNA is then left to the non-homologous end-joining repair machinery, which can result in random deletions or insertions and loss of a functional allele. Alternatively, if a synthesized DNA template is introduced, homology-directed repair results in the generation of an engineered mutant allele at the break site [35] .
CRISPR-Cas9
On the other hand, the recent CRISPR-Cas9 technology provides a mostly permanent and very specific type of genetic manipulation. Cas9 is one of many RNA guided endonuclease enzymes derived from the immune system of bacteria and archaea for natural defense against invading viruses [36] . Over the past few years, the CRISPR-Cas9 system has been adapted successfully for use in editing the genomes of a wide variety of multicellular and complex organisms, including zebrafish, mice, and humans [27, [37] [38] [39] [40] [41] [42] . Cas9 is attached to two RNA guide molecules: the trans-activating CRISPR RNA (tracrRNA) and the CRISPR RNA (crRNA) to form a trimeric complex in bacteria named the Cas9 holoendonuclease system. In an experimental setup, a specifically designed single guide RNA (sgRNA) usually replaces the tracrRNA-crRNA complex [35] (Figure 2B ). CRISPR-Cas9 technology can be used to produce transient knockdown larval models (crispants) [43] , which are The designed MO is injected at the 1-4 cell stage embryo, binds specifically to its target mRNA or pre-mRNA. Depending on whether the MO binds to the translation start site or a splice donor or acceptor site, it will either block protein translation or cause alternate splicing to produce a defective message that is either degraded, resulting in loss of protein expression, or still present in which case it will produce a defective protein. The resulting phenotype typically lasts for a few days. (B) Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9: The bacterial endonuclease enzyme is a large protein encoded by the cas9 gene. Specificity of the DNA strand cleavage is dependent on the pairing between the single guide RNA (spacer domain) and the complementary DNA target (protospacer domain). The Cas9 protein has also a domain that binds to a short sequence of target DNA, named the protospacer adjacent motif (PAM), which is found directly downstream of the target sequence in the genomic DNA, on the non-target strand. Because the spacer domain sequence provides at least 20 nucleotides of specificity in addition to the specificity of the PAM sequence, the CRISPR-Cas9 system can uniquely cleave DNA at a highly specific target site [6, 34] . The cleaved DNA is then left to the non-homologous end-joining repair machinery, which can result in random deletions or insertions and loss of a functional allele. Alternatively, if a synthesized DNA template is introduced, homology-directed repair results in the generation of an engineered mutant allele at the break site [35] .
On the other hand, the recent CRISPR-Cas9 technology provides a mostly permanent and very specific type of genetic manipulation. Cas9 is one of many RNA guided endonuclease enzymes derived from the immune system of bacteria and archaea for natural defense against invading viruses [36] . Over the past few years, the CRISPR-Cas9 system has been adapted successfully for use in editing the genomes of a wide variety of multicellular and complex organisms, including zebrafish, mice, and humans [27, [37] [38] [39] [40] [41] [42] . Cas9 is attached to two RNA guide molecules: the trans-activating CRISPR RNA (tracrRNA) and the CRISPR RNA (crRNA) to form a trimeric complex in bacteria named the Cas9 holoendonuclease system. In an experimental setup, a specifically designed single guide RNA (sgRNA) usually replaces the tracrRNA-crRNA complex [35] (Figure 2B ). CRISPR-Cas9 technology can be used to produce transient knockdown larval models (crispants) [43] , which are similar to morphant zebrafish larvae in many aspects but lacking the non-specific toxicity of MOs [32] . However, CRISPR technology is more commonly used to grow fish to adulthood and produce permanent genetic zebrafish models.
The advantages of CRISPR technology include its high efficiency, specificity and affordability, the possibility of both knock-out and knock-in models, and the potential to study the phenotypes associated with specific human mutations through generating the same mutations in the zebrafish. Other techniques for genome editing include zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs). However, both systems are less tractable than CRISPR-Cas9, which uses a universal targeting mechanism [6, 44] . Furthermore, CRISPR-Cas9 is far more efficient than ZFNs and TALENs in achieving targeted mutagenesis in the zebrafish [45] . Recently, the CRISPR-Cas13 system was adapted for both RNA knockdown and RNA editing in human cells [46] . The system is extremely precise and has many potential applications including splicing modifications, targeted localization of transcripts, epitranscriptomic modifications, and the ability to correct certain disease relevant mutations at the RNA level. Another recent alternative adaptation to the traditional CRISPR-Cas9 approach is the engineered Cas9-cytidine deaminase fusion, which was recently implemented in human cells [47] . This technique is capable of substituting single base pairs with high efficiency by using a specifically designed inactive Cas9 protein coupled with a cytidine deaminase enzyme and an inhibitor of base excision repair. Although these systems are yet to be tried in zebrafish, they can definitely expand the toolkit for genome editing.
Assessment of the Renal Phenotype
A number of histopathological lesions seen in diseases affecting the mammalian kidney can be recapitulated in the zebrafish [12, 48, 49] . Nevertheless, for the larval zebrafish to be a valid model to study renal disease and potential new therapies, the availability of methods for the assessment of renal function in this organism is necessary. The evaluation of renal function in murine models is not much different from humans. In mice, blood and urine samples can be easily obtained to measure various aspects of renal function, such as serum creatinine levels and urinary protein/creatinine ratios to evaluate glomerular function, and serum electrolytes and urinary low molecular weight proteins and other solutes concentrations to evaluate renal tubular function. However, in zebrafish larvae these methods are not currently feasible. A new panel of methodologies therefore had to be developed to accurately evaluate different aspects of renal function in the larval zebrafish.
Evaluation of Zebrafish Survival, Development, and Morphology
Because of the available numbers, zebrafish embryos are extremely useful for the accurate evaluation of the phenotypic picture based on survival, development, and morphological characteristics in genetic disease models. This is particularly important in genetic renal diseases as many of them are characterized by increased mortality rates, delayed development, or morphological aberrations in the zebrafish [12, 48, 50, 51] . The zebrafish pronephros becomes functionally active at 40-48 hpf [12] . Thus, depending upon the gene involved, impairment of renal function can result in systemic phenotypes at early stages, which can be seen as fluid retention and edema, which ultimately can affect viability [12] . Hence, survival and developmental and morphological changes can be important in determining the systemic effects of gene disruption. Common morphological defects seen upon severe renal impairment include pericardial edema and total body edema although such phenotypes are not exclusive to renal disorders. Other body deformities, such as hydrocephalus, microphthalmia, curved body, and left-right axis asymmetry are more frequently associated with ciliopathies, which often also result in renal cysts [52] [53] [54] .
Evaluation of Glomerular Function
The filtration of various molecules has been used to assess the functionality of the glomerular filtration barrier in the zebrafish. Of particular importance are the dextran based compounds, as they are very commonly used for this purpose [12] . Dextran is a complex polysaccharide formed of branched glucose moieties. Dextran has many advantages as a measure of the integrity of the glomerulus including its variable size, as it can be obtained between 3 and 2000 kilodaltons (kDa). Furthermore, it is inert, with no induced immune reaction when given intravenously, and it can be labelled with fluorescent tags for visual detection in the vasculature and tissues of the transparent zebrafish larva [12, 55] .
Below 10 kDa, dextran is promptly filtered by the glomerulus, whereas at higher molecular weights the filtration is less efficient (70 kDa) or does not occur at all (500 kDa) [56] . Thus, both the glomerular filtration rate and the integrity of the glomerular barrier can be evaluated using the injection of low molecular weight (3-10 kDa) and high molecular weight (70-500 kDa) fluorescent dextran, respectively [12, [57] [58] [59] [60] . Furthermore, both tracers can be simultaneously evaluated using different fluorophores [61] . The main advantage of such a technique is the ability to perform live imaging of fish larvae at different time points to evaluate fluorescence intensity loss in the retinal vascular bed [62] (Figure 3A ), the heart [57], or over a major vessel, such as the cardinal vein, as a readout of clearance by glomerular filtration [61] . Of note, the size selectivity of the glomerular barrier is not well established in the zebrafish during the first 3 dpf [55] , so it is important to test for glomerular proteinuria starting from 4 dpf. Another way to evaluate clearance is through the evaluation of fluorescence intensity in fixed sections at the tubular level, which allows for the simultaneous evaluation of glomerular and tubular functions [48, 55, 56] .
Another polysaccharide that can be used for the evaluation of glomerular function in the zebrafish is inulin ( Figure 3B ). Inulin clearance measured after the intravascular injection of FITC-inulin is a good alternative to dextran in determining the glomerular filtration rate, especially because inulin is freely passing through the glomerular barrier and not reabsorbed or secreted from the proximal tubules, making it an ideal molecule to assess the glomerular filtration rate [63, 64] . Inulin clearance is the current gold standard to assess the glomerular filtration rate (GFR) in humans [65] ; however for this purpose, it has to be measured in the plasma and urine of patients.
A major drawback for the practical application of such techniques is the need for injection of the fluorescently tagged reporter into the vasculature, which is a labor intensive and time-consuming procedure, especially when applied to large numbers of larvae. New transgenic zebrafish lines expressing fluorescently-tagged plasma proteins have been developed to overcome such a hurdle [66] [67] [68] . In humans, the most commonly used plasma protein to evaluate glomerular permeability is albumin, as it constitutes approximately 50% of the total plasma protein, which is why the assessment of the urinary albumin/creatinine ratio is a common practice for the evaluation of the glomerular barrier integrity of the human kidney. However, a gene encoding albumin is absent from the zebrafish genome [69] . The likely zebrafish equivalent of albumin is vitamin D binding protein (VDBP), which belongs to the same family of carrier proteins as albumin, and, like albumin, is produced in the liver and secreted in the bloodstream [70] . When fused to GFP, VDBP has a molecular weight and electric charge approximate to that for human albumin (79.6 kDa vs. 66.5 kDa, and an isoelectric point 5.97 vs. 5.67, for VDBP-GFP vs. human albumin, respectively), so they should behave in a similar way at the glomerular filtration barrier [68] . In a transgenic zebrafish line expressing VDBP-GFP, the integrity of the glomerular barrier can be evaluated in a very similar way to that for high molecular weight fluorescent dextran by assessing fluorescence in the retinal vascular bed ( Figure 3C ), the cardinal vein or over the heart, or in the case of a defective glomerular barrier, in the proximal tubules [64] . Recently, 4D in vivo imaging using two-photon microscopy allowed for the simultaneous assessment of fluorescence intensity of the VDBP-GFP fusion protein in the vasculature and proximal tubules of live zebrafish larvae, which gives the opportunity for dynamic monitoring of the glomerular filtration barrier [71] .
A transgenic zebrafish line co-expressing VDBP-GFP from the liver and a nitroreductase enzyme within podocytes has also been generated [68] . Due to the ability of nitroreductase to convert metronidazole to a cytotoxin, this transgenic line allows for the inducible and acute damage of podocytes and the analysis of glomerular integrity following such treatment. It may also be used to study podocyte regeneration following metronidazole washout [12] . 
Evaluation of Tubular Function

Tubular Endocytosis
Receptor mediated endocytosis by proximal tubular epithelial cells (PTECs) is an important process by which the kidney can minimize the urinary losses of important proteins, vitamins, hormones, and other solutes through their uptake from the tubular lumen. Megalin and cubilin are major multi-ligand transmembrane receptors that are mainly expressed at the luminal brush border of PTECs and are largely responsible for this endocytic uptake [72] . Loss of megalin in humans causes 
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Receptor mediated endocytosis by proximal tubular epithelial cells (PTECs) is an important process by which the kidney can minimize the urinary losses of important proteins, vitamins, hormones, and other solutes through their uptake from the tubular lumen. Megalin and cubilin are major multi-ligand transmembrane receptors that are mainly expressed at the luminal brush border of PTECs and are largely responsible for this endocytic uptake [72] . Loss of megalin in humans causes Donnai-Barrow syndrome, which is characterized by low molecular weight proteinuria amongst other symptoms [73] . Both receptors are highly evolutionary conserved between different species, and the zebrafish is no exception [74] .
Megalin, encoded by lrp2a gene, is important for proximal tubular function in the zebrafish [75] . Loss of megalin protein in zebrafish (bugeye mutant), or its depletion induced by lrp2a MO, abrogates endocytosis and results in loss of apical endosomes in the proximal pronephric duct epithelium [75, 76] . This is similar to what is seen in megalin knockout mice [77] , indicating the conservation of the megalin retrieval pathway between the larval zebrafish pronephros and the mammalian kidney. Many proximal tubular diseases modeled in zebrafish alter megalin expression and function resulting in defective tubular reabsorption similar to the lrp2a mutant, such as observed in the cystinosis (ctns) and Lowe syndrome (ocrl) models [48, 49] (Figure 4A,B) . A good way to monitor endocytosis in the pronephros is performed through using low molecular weight fluorescent dextran (10 kDa or less). This fluid phase tracer is efficiently filtered and taken up by endocytosis into the pronephros [75] . Another tracer that can be used to more directly assess megalin-dependent endocytosis is fluorescently conjugated receptor-associated protein (RAP), which is a physiologic chaperon for megalin [78] . Loss of megalin abrogates endocytosis of both tracers.
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Similarly, plasma proteins such as VDBP, can also be reabsorbed by megalin-dependent endocytosis upon disruption of the glomerular filtration barrier [68, 79] . The quantitation of the fluorescence signal of different tagged molecules over the pronephric tubules, especially around the brush border is a very good way of testing the efficiency of the PTECs endocytic machinery, provided that proper control groups are used. Recently, a fluorescent low molecular weight probe (PT-yellow) has been developed that is selectively taken up into the zebrafish proximal tubules simply by soaking larvae in the compound, with no need for injection [80] . This non-toxic molecule accumulates in endocytic organelles, but whether the mechanism of uptake is endocytosis dependent, remains to be determined. Interestingly, the strength of PT-yellow accumulation was significantly reduced upon exposure to gentamicin [80] , which has been shown previously to ablate PTECs in the zebrafish [62] . Several transgenic zebrafish lines have been developed to mark the proximal tubules with fluorescent reporters. Some of these reporters are expressed only in the proximal part of pronephric tubule, such as those for gtshβ [81] and the tg(PT:EGFP) transgenic line, which was isolated serendipitously during the generation of sox10:EGFP fish [82] , while other reporters mark the entire pronephric tubules, such as enpep [83] .
Ion and Small Solute Transport
Zebrafish are hyperionic and hyperosmotic in comparison to their aquatic environment. This results in the passive loss of ions and uptake of water along their electrochemical and osmotic gradients, respectively [84] . To maintain physiological balance, compensatory transport systems to reabsorb ions and control water balance must exist. The cells responsible for maintaining this delicate balance are specialized ionocytes that are mainly located in the skin of embryos/larvae and gills of adult zebrafish. However, both pronephric and mesonephric renal tubular cells also express many of the ion channels present in the skin or gills, and together, the kidney and skin/gills of zebrafish work cooperatively to regulate the balance of different electrolytes [85] . Similarly, the transport of small molecules such as glucose also occurs in the kidney as the major zebrafish glucose transporter (slc2a2), which is an orthologue of the human glucose transporter (GLUT2), is expressed in the zebrafish pronephros [86] . Few studies have tested ion homeostasis in the zebrafish. A potential functional assay challenges zebrafish embryos with water supplemented with different concentrations of ions to monitor the physiological response of zebrafish to changes in ionic composition of the environment. This is usually followed by the quantitation of target ions in larval homogenates. Recently, the importance of casr and arl15b genes for the maintenance of calcium [87] and magnesium [88] homeostasis, respectively, was reported using this evaluation method.
Evaluation of Renal Cysts
Forward genetic screens in the zebrafish confirmed the connection between pathogenic mutations in genes controlling the formation and function of cilia and the development of cystic kidney diseases [50, 89] . The proper visualization of renal cysts early during the first few days of zebrafish embryonic development is essential to categorize the disease phenotype and to evaluate the response to potential therapy. Although it is relatively easy to visualize renal cysts in the transparent larvae simply by monitoring the pronephros using light microscopy, detecting smaller cysts or monitoring the rate of cyst development might pose a challenge. A transgenic line Tg (wt1b::GFP), showing fluorescence associated with the Wilms tumor 1b protein, which is mainly expressed in the glomerulus and proximal tubules of the developing embryo [90] , can facilitate the identification and monitoring of small renal cysts in vivo [51, 91, 92] . The model can be also used to test new therapeutic approaches, and their effects upon cyst formation [93] . Another transgenic zebrafish line Tg (Arl13b::GFP) marks the ciliary membrane and thus can facilitate the study of tubular cilia morphology and abundance [94] .
Characterized Zebrafish Models of Genetic Renal Diseases
The number of zebrafish models generated to study genetic renal diseases has grown exponentially over the last decade. Table 2 provides a list of the main characterized embryonic and larval models of genetic renal diseases in the zebrafish, with phenotypic features and the methods used to create the models. The majority of zebrafish models are created by MO injection, thus validation in permanent mutant genetic models is still needed for most disorders. The main disease categories studied in zebrafish are genetic glomerular and tubular disorders, renal ciliopathies, and congenital anomalies of the kidney and urinary tract (CAKUT).
In most cases, disease phenotypes appear to be recapitulated in the zebrafish, although this is not true in all cases. For instance, in an Alport syndrome model due to loss of col4a5 (dragnet mutant), only ocular but no glomerular defects have been observed [95] . Another example is the Branchio-oto-renal syndrome caused by EYA1 gene deficiency. Both craniofacial and ear malformations were evident in the eya1 MO zebrafish model similar to those of the human disease. However, abnormal renal development was not observed because the gene is expressed relatively late at the mammalian metanephric stage, and is completely absent during early renal development in the zebrafish [96] .
Although, human genes responsible for hereditary nephrolithiasis syndromes, such as cystinuria (SLC3A1, SLC7A9), primary hyperoxaluria (AGXT, GRHPR, HOGA1), Dent's disease (CLCN5), and xanthinuria (XDH), have counterpart genes in the zebrafish genome, and some of them are reported to be expressed in the zebrafish pronephric tubules [97, 98] , no zebrafish models have been created for these disorders. This is probably due to the different physiological aspects concerning urine formation in the zebrafish, particularly their lack of need to concentrate urine in the fresh water environment [14] . However, it is worth noting that adult zebrafish are capable of developing kidney stones as evident by the mutant model for trpm7 gene, which codes for a transient receptor potential cation channel, that is expressed in the mesonephric tubules [99] . 
Drug Discovery and Validation
The rapid development of zebrafish allows drug screening to be performed at embryonic and larval stages, prior to the stage at which the animals become protected by ethical regulations, which is normally at 6 days post fertilization in most countries [154] . Furthermore, their abundance, small size, ease of handling, transparency, low cost, and most importantly, the availability of clear phenotypic assays, makes zebrafish an extremely powerful model organism for in vivo therapeutic drug screening and discovery [2] . Furthermore, major drug classes affecting human cell physiology, such as prostaglandins, hematopoietic factors, and drugs affecting glucose homeostasis, perform in the zebrafish in a very similar manner to humans [155] [156] [157] . Since the pioneering work of Cao et al., through chemical modifier drug screens to unravel the beneficiary effects of histone deacetylase inhibitors in the treatment of polycystic kidney disease zebrafish models [158] , multiple studies have tested novel therapeutic agents in renal zebrafish models [93, 130, 159, 160] .
Recently, PI3-kinase inhibitors were reported to rescue the cellular, phenotypic, and renal functional defects of the Joubert syndrome associated inpp5e mutant zebrafish larvae by decreasing 3-phosphoinositide levels [130] . On the other hand, nek8 mutants, associated with syndromic renal cystic dysplasia showed increased signaling of the transcriptional factor YAP, which is involved in the Hippo signaling pathway controlling organ size, cell proliferation, and apoptosis. The treatment with verteporfin, an inhibitor of YAP transcriptional activity, partially rescued the abnormalities seen in zebrafish mutant embryos [159] .
Zebrafish is also an excellent in vivo model to study drug toxicity and drug-drug interactions, especially since zebrafish larvae at 72 hpf have a fully functional liver, expressing 94 different Cytochrome P450 enzyme genes, many of them having human orthologues [161] . Moreover, zebrafish can be used for the high throughput drug-drug interaction screening for diseases requiring multiple drug therapy [162] .
Limitations of Zebrafish Models
In spite of the many advantages of zebrafish, they still have some limitations that must be taken into account when considering generating a disease model. General limitations applying to zebrafish models include the presence of many duplicated genes, caused by a whole genome duplication event in early teleost evolution 320-350 million years ago, followed by the retention of many duplicated genes in different species [163] . Due to this phenomenon, many mammalian protein coding genes (over 3000 mammalian genes), have two or more zebrafish counterparts, which may code for similar proteins with similar functions [4] . In such cases, biallelic mutations in a single gene may not be enough to produce the desired phenotype. Furthermore, inbreeding of mutants can encourage adaptive or compensatory responses [30] .
As mentioned previously, some larval zebrafish models do not recapitulate the expected disease phenotype, which could be due to functional redundancy with duplicated paralogues, or other genes from the same family, or the lack of expression of the gene of interest at the larval stage. Also, zebrafish models are probably unsuitable to study genetic diseases affecting water homeostasis, such as hereditary nephrogenic diabetes insipidus, which is caused by either AVPR2 or AQP2 defects in humans [164] . A true orthologue of AQP2 (aquaporin 2) is lacking in the zebrafish [165] . This could be due to the different aquatic environment and different controlling mechanisms of water and ionic balance in the zebrafish [84] . Furthermore, some genes may be completely lacking in the zebrafish, such as the ENaC (epithelial Na channel) subunits (SCNN1A, SCNN1B, SCNN1G, and SCNN1D) [166] , mutations in which cause Liddle syndrome and pseudohypoaldosteronism type 1 in humans.
Although there appears to be a high degree of conservation between zebrafish and mammals regarding drug sensitivity and toxicity, it is always difficult to correlate therapeutic doses in zebrafish to mammalian doses, especially when considering that zebrafish physiology, mode of drug administration, and hemodynamics are different. Furthermore, the exact amount of the drug taken up by the larvae is usually hard to determine [167] . Another general disadvantage concerning drug therapy in zebrafish models is the lack of a complete picture of drug handling by certain organs, such as the lungs and mammary glands, as they are absent in the zebrafish [168] .
Future Perspectives
Zebrafish models have been advancing our knowledge of renal development and disease at an ever-increasing rate. One of the most important research targets of zebrafish is to understand the functions of genes involved in renal regeneration. Zebrafish has significantly lower number of nephrons in their adult mesonephric kidney (150-300) [67] , compared to approximately 12,000 nephrons in the mouse and one million nephrons in the human adult metanephros [11] . However, zebrafish retain the ability to add new nephrons to their mesonephric kidney in the juvenile and adult stages in a process called neonephrogenesis [17, 67, 169] . In this respect, zebrafish genetic models can help understanding the role of key mechanisms of these processes, which may guide the discovery of similar mechanisms that are dormant and can be rejuvenated in mammals upon renal injury.
Although many genes have been identified recently, in the era of wide scale whole exome and whole genome sequencing, as the cause of monogenic hereditary renal disorders [151, [170] [171] [172] , it is conceivable that many genes affecting the kidney are still waiting to be attributed to human syndromes. Zebrafish could be uniquely useful in this regard. Through the ease of both genetic manipulation and renal phenotypic validation, novel genes identified in the zebrafish can be linked to a renal phenotype, and if the gene is sufficiently conserved between zebrafish and mammals, it is highly likely to be attributed later to a human disease [173, 174] . Furthermore, the confirmation of such potential genetic candidates can be investigated by comparing the ability of injected wild type human gene mRNA, or mRNA with a pathogenic human mutation (e.g., a single nucleotide polymorphism) to rescue the zebrafish phenotype [175] .
Another future application of zebrafish research is its potential for developing strategies for personalized medicine. Patients of a single monogenic disease vary in both clinical severity and response to therapeutic interventions. This could be explained by either the variability of the causative mutations or the presence of unknown genetic modifiers within the patient genome [176] . Due to the recent availability of extensive sequencing techniques, it has become easier than ever to identify associated mutations in potential modifier genes, while diagnosing the causative mutations in the responsible gene. The availability of reverse gene editing techniques, such as CRISPR-Cas9, that can introduce specific mutations in the zebrafish genome, makes studies of personalized medicine much more feasible. There are hurdles yet to overcome in this regard, especially the still reported off-target effects of CRISPR, which can be up to five mismatched bases in the recognized sequence [177] . However, there are multiple recent advances in the CRISPR technology aiming at minimizing its off-target effects without losing much of its on-target efficiency. These include the structure-guided protein engineering approach to create Cas9 variants that have less off-target effects [178, 179] , and new computational algorithms for predicting potential off-target effects for optimal design of guide RNAs [180] [181] [182] . Moreover, there are validated biochemical methods to screen for the off-target cleavage sites using various sequencing techniques, such as the high-throughput, genome-wide, translocation sequencing (HTGTS) [183] , GUIDE-seq [184] , Digenome-seq [185] , and SITE-seq [186] . Although these technologies are not developed specifically for zebrafish, they and other future advances will soon allow the routine creation of specialized zebrafish models, accurately and individually mimicking human mutations in both causative and modifier genes. In addition, since zebrafish is an excellent target model for drug experimentation, this will allow the search for novel therapeutic agents to be also personalized.
Conclusions
The zebrafish has proved its significance as a valuable vertebrate model to study renal development and disease. Zebrafish are particularly amenable to genetic manipulation by novel technologies. Their phenotype in the majority of cases is faithful to the human phenotype. It is foreseeable that new genetic zebrafish models of many human hereditary renal diseases will be developed during the next few years. This, combined with better assays for evaluating renal function and the generation of new transgenic reporter lines, means that studying kidney disease and finding new therapies in these models will become even more powerful. 
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